Selective attention modulates electrical responses to reversals of optic-flow direction  by Tata, Matthew S. et al.
Vision Research 50 (2010) 750–760Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresSelective attention modulates electrical responses to reversals
of optic-ﬂow direction
Matthew S. Tata a,*, Nazia Alamb, Aja L.O. Mason a, Gregory Christie a, Andrew Butcher a
a The University of Lethbridge, 4401 University Drive, Lethbridge AB T1K 3M4, Canada
bWeill Cornell Medical College, 785 Mamaroneck Avenue, White Plains, NY 10605, United States
a r t i c l e i n f oArticle history:
Received 24 February 2009
Received in revised form 13 January 2010
Keywords:
Attention
Attentional capture
Optic ﬂow
Dorsal pathway
MT
ERP
Motion
Vision0042-6989/$ - see front matter  2010 Elsevier Ltd. A
doi:10.1016/j.visres.2010.01.012
* Corresponding author. Address: Department of Ne
Lethbridge, 4401 University Drive, Lethbridge, AB, C
329 2775.
E-mail address: matthew.tata@uleth.ca (M.S. Tata)a b s t r a c t
Attended stimuli typically evoke larger event-related potentials (ERPs) than unattended stimuli. We pre-
viously reported an exception when an optic-ﬂow pattern is interleaved with stationary dots. Reversals of
motion direction evoked a larger N200 peak when attention was directed to the stationary dots. We rep-
licated and further characterized this result: the N200 enhancement was eliminated when the dots
moved randomly rather than in optic ﬂow. The effect was also attenuated with isoluminant stimuli. Elec-
trical source analysis suggested the attentional modulation of a conﬁguration of dorsal extrastriate gen-
erators. The ERP evoked by reversals of optic ﬂow may reﬂect the operation of independently
conﬁgurable attentional ﬁlters within visual cortex.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Selective attention is the ability to preferentially perceive an
object or stream of information at the expense of unselected stim-
uli (Broadbent, 1952; Treisman, 1964). Many investigations of
selective attention emphasize one of two phenomena: the conse-
quences of selection mechanisms, sometimes thought of as ﬁlters,
or the mechanisms of orienting, often likened to the shifting of a
spotlight. Importantly, these processes must interact. Attention
can be voluntarily maintained on a selected stimulus for a period
of time, but it may also be involuntarily captured by another stim-
ulus. The realization that top-down control of attention must be
ﬂexible to allow the intrusion of some (but not all) unattended
stimuli gave rise to the classical theories of ‘‘early” vs. ‘‘late” selec-
tion (Broadbent, 1958; Deutsch & Deutsch, 1963; Treisman, 1969).
A number of situations exist in which a top-down attentional
set fails to suppress bottom-up sensory information. For example,
the well-known Stroop Effect (Stroop, 1935) demonstrates a failure
of attention to suppress interference by color features on word
naming, even when these two stimulus dimensions do not spa-
tially co-occur (Gatti & Egeth, 1978). Another well-known failure
of attentional selection occurs in the Eriksen Flankers Task (Eriksenll rights reserved.
uroscience, The University of
anada T1K 3M4. Fax: +1 403
.& Eriksen, 1974), in which irrelevant adjacent stimuli interfere
with the identiﬁcation of a target letter. More recent work has
demonstrated that the presence of salient but irrelevant stimuli
in a visual scene interferes with visual search (Theeuwes, 1991,
1992). By contrast, in cue-target orienting paradigms, the viewer’s
attentional set can suppress the costs associated with invalid cues
when such cues are inconsistent with the goals of the viewer (Folk,
Remington, & Johnston, 1992). These contrasting data suggest the
existence of conﬁgurable ‘‘modes” of attention orienting (Bacon &
Egeth, 1994) with a special role for highly salient stimuli to guide
attention (Theeuwes, 2004) in a bottom-up manner. For example,
‘‘new” objects in a search array successfully out-compete ‘‘old”
objects for attentional priority (Yantis & Johnson, 1990; Yantis &
Jonides, 1984), indicating a bias toward the need to update a men-
tal register of visual objects.
Evidence suggests that motion in a scene is unlike other visual
features with respect to attentional selection and orienting. Search
for an object deﬁned by the conjunction of motion and form is
independent of the number of distractors (efﬁcient search),
whereas search for an object deﬁned by the conjunction of two sta-
tic features (e.g. color and form) requires an inefﬁcient search pro-
cess. Pre-attentive segregation of the moving and stationary
elements enables a search within one or the other sub-set of items
(McLeod, Driver, Dienes, & Crisp, 1991). This observation led to the
theory that the dorsal visual pathway including area MT/MST, can
implement an attentional ﬁlter (a motion ﬁlter) independent of
feature representations elsewhere in the visual system (McLeod
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onset in various forms acts to capture attention to the moving
stimulus (Abrams & Christ, 2003; Franconeri & Simons, 2003).
Other studies (Lankheet & Verstraten, 1995; Rodriguez & Valdes-
Sosa, 2006; Valdes-Sosa, Bobes, Rodriguez, & Pinilla, 1998;
Valdes-Sosa, Cobo, & Pinilla, 2000) have shown perceptual and
electrophysiological evidence that interleaved stationary and mov-
ing dots can segregate into transparent superimposed surfaces, and
that this perceptual segregation can support attentional selection
of one or the other surface. Khoe, Mitchell, Reynolds, and Hillyard
(2005) further showed that a change in direction of a sheet of mov-
ing dots acts as an exogenous cue that causes the viewer to switch
attention onto the recently-changed dots.
In the present study we used the event-related potential (ERP)
technique to investigate a speciﬁc interaction between attention
and motion. The ERP technique has been used extensively to mea-
sure the consequences of attentional selection in both the auditory
and visual domains. The ERP is the stimulus-locked average of elec-
troencephalographic (EEG) signals recorded from scalp electrodes
(see Handy (2005) and Luck (2005) for review of the ERP method-
ology). The ERP waveform evoked by an attended stimulus is typ-
ically compared to the ERP evoked by the identical stimulus when
attention is directed elsewhere, and the differences are taken to re-
ﬂect the consequences of focused attention. The results of early
ERP work in both the auditory domain (Hillyard, Hink, Schwent,
& Picton, 1973; see Näätänen (1992) for review) and in vision
(e.g. Harter, Aine, & Schroeder, 1982; see Mangun, Hillyard, and
Luck (1993) for review) revealed two important themes: First,
selective attention modulates early components of the ERP wave-
form such as the N1, suggesting low-level tuning of sensory mech-
anisms to handle attended information. Second, early ERP
components evoked by unattended stimuli typically bear resem-
blance to those evoked by attended stimuli, but with attenuated
positive and negative peaks. Put another way, selective attention
does not completely shut down early brain responses to unat-
tended stimuli. Though attenuated, sensory systems are still
responsive to unattended stimuli. Some information penetrates
early selection.
Here we investigated the interaction between top-down atten-
tional set and a particular class of visual motion called optic ﬂow.
Optic ﬂow normally occurs when the viewer is moving with re-
spect to his or her environment and is characterized by a radial
movement of image elements toward or away from the point of
ﬁxation. We recently reported an unusual situation in which an
early component of the visual ERP was larger when the eliciting
event was unattended (Tata, Mason, & Sutherland, 2007). This sit-
uation arose when a set of stationary dots was interleaved with a
set of radially moving dots – optic ﬂow against a stationary back-
ground. A midline posterior negative peak at 200 ms (which we re-
ferred to as an N200), elicited by reversals in optic-ﬂow direction,
was larger when attention was directed to the stationary dots. Di-
pole analysis suggested a modulation of generators within or near
bilateral MT/MST.
Our ﬁnding was unexpected because earlier studies using re-
lated paradigms had shown precisely the opposite effect. Cuing
observers to attend to moving rather than stationary elements
prior to motion onset increased the magnitude of a negative-going
ERP component evoked when a sub-set of stationary elements be-
gan moving (Torriente, Valdes-Sosa, Ramirez, & Bobes, 1999). This
motion-onset ERP component had similar latency (170 ms) and
scalp topography (maximal over posterior midline sites) to our
N200, yet was reduced rather than enhanced when attention was
directed at stationary elements. In other work (Lankheet & Verstra-
ten, 1995; Muller et al., 2006; Rodriguez & Valdes-Sosa, 2006;
Valdes-Sosa et al., 1998, 2000), attentional selection of a surface
deﬁned by common motion or color caused enhancement of theERP evoked when that surface underwent a change in direction.
Furthermore, intracranial recordings have revealed analogous phe-
nomena in the responses of single cells in area MT of monkey cor-
tex (Wannig, Rodriguez, & Freiwald, 2007).
The paradigm we used differed from previous studies in two
important aspects. First, we investigated reversals of motion direc-
tion rather than motion onset. Second, we investigated the unique
case of reversals in the direction of optic ﬂow. Optic ﬂow is unlike
other types of coherent motion in that many different directions of
motion are simultaneously present in the visual ﬁeld. Their ‘‘coher-
ence” depends on their spatial relationship relative to the ﬁxation
point. Optic ﬂow necessarily requires the global integration of very
different local motion signals. Despite the global complexity of op-
tic ﬂow, neurons preferentially tuned to optic-ﬂow ﬁelds exist in
diverse visual systems ranging from the primate (Duffy & Wurtz,
1991; Saito, 1993) to the avian brain (Frost, Wylie, & Wang,
1990). In the macaque, these tend to be clustered in dorsal MST.
Neurons in this region tend to have large, globally integrative
receptive ﬁelds. They also have very short response latencies, on
the order of a few tens of milliseconds (Duffy & Wurtz, 1991;
Tanaka et al., 1986). We hypothesized that the potentiated N200
component that we observed might reﬂect a low-level involuntary
registration of the change in optic-ﬂow pattern by dorsal extrastri-
ate neurons.
The goal of the present study was to ﬁrst replicate our ﬁnding of
N200 enhancement when moving dots are unattended (Experi-
ment 1), and then to test the hypothesis that this enhancement de-
pends on the coherence of the motion within the ﬁeld of moving
dots. If the N200 effect reﬂects automatic perceptual segregation
of an optic-ﬂow ﬁeld, then disruption of the coherence of this ﬁeld
should abolish the N200 effect (Experiment 2). Second, if this N200
peak occurs in MT/MST or related dorsal-stream structures, as sug-
gested by our previous study, then it should be relatively unre-
sponsive (Experiment 3) to isoluminant stimuli (Livingstone &
Hubel, 1988). In a fourth experiment we conﬁrmed that partici-
pants were indeed focusing their attention on the indicated set
of dots by requiring them to detect a color change among one of
the two sets of dots. We also investigated the dependence of rever-
sal-related ERP components on the direction of motion (inward vs.
outward). Finally, we used a distributed source-imaging approach
(swLORETA) to localize the most likely region(s) of modulation to
the dorsal visual pathway.2. Experiment 1
2.1. Methods
The electroencephalogram was recorded from 16 undergradu-
ates at The University of Lethbridge who participated for course
credit. Due to the dynamic nature of the display, eye movements
were common, however we felt it was important to consider only
trials on which participants maintained ﬁxation. Thus we chose to
reject trials contaminated by eye movement and blink artifact
without ﬁrst attempting artifact correction. For further analysis
we included only participants who had greater than 100 trials in
each attention condition. Artifacts were identiﬁed automatically
(150 lV threshold) and data from six participants (4 males, all
right-handed, average age 32.3 years, normal or corrected to nor-
mal vision) were included in the analysis. Procedures were in
accordance with the Declaration of Helsinki and were approved
by the University of Lethbridge Human Subjects Review Commit-
tee; all participants gave written informed consent.
The stimulus presentation and viewing conditions of Experi-
ment 1 were as reported previously (Tata et al., 2007) so as to ex-
actly replicate the previous result. Participants were seated 57 cm
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central cross. Trials began with the onset 80 stationary dots (40
white, 40 black on a gray background) after a random (rectangular
distribution) interstimulus interval of 500–1000 ms. After 4 s, a
verbal cue instructed participants to attempt to attend to either
the white or black dots. Three seconds later, either the black or
white dots began to drift inward – toward the central ﬁxation point
– for 1000 ms and then reversed direction to drift outward. Dot
speed was 2.73 deg/s and the moving dots were 100% coherent
in optic ﬂow. During this period of motion, six alternations be-
tween inward and outward motion occurred at 1000 ms intervals.
Four attention conditions were possible (attend white/white mov-
ing, attend white/black moving, attend black/white moving, attend
black/black moving), and 240 trials were run in each of these
conditions.
The EEG was recorded (Ag/AgCl electrodes, 500 Hz sampling
rate, initially referenced to the vertex) using a 128-sensor Electrical
Geodesics sensor net (Electrical Geodesics Inc., Eugene, OR, USA).
Electrode positions were recorded with a Polhemus Fast-Trak (Pol-
hemus, Colchester, VT, USA). Impedances were maintained below
50 kX. The data were analyzed using the BESA software package
(Megis Software, Grafelﬁng, Germany). For analysis, the montage
was digitally rereferenced to the average reference. The EEG was
ﬁltered with high-pass (1.6 Hz, 6 dB/octave) and low-pass (30 Hz,
12 dB/octave) zero-phase Butterworth ﬁlters. Bad electrodes were
identiﬁed by visual inspection and were interpolated (approxi-
mately ﬁve or fewer per subject).
The event-related potential (ERP) was computed in a 1200 ms
window, with a 200 ms pre-stimulus baseline, and time-locked
to motion reversals. Data were collapsed across the attended color
so that there were 480 trials in two conditions (attend to stationary
dots and attend to moving dots). We interpolated to a standard 81-
electrode montage based on the 10–20 system (American Electro-
encephalographic Society, 1994) to align electrode placement
across subjects. As in the previous study, the N200 manifested as
a prominent negative peak over posterior scalp between 208 and
228 ms latency. The mean amplitudes within this window in the
attend-moving and attend-stationary conditions were compared
at POZ with a one-tailed paired-samples t-test. Peak amplitudes
(at 220 ms) were used to plot isopotential voltage maps. We fur-
ther considered whether the N200 effect depended on the direc-
tion of dot motion. We compared the N200 effect evoked by dots
changing from inward (receding) to outward (looming) motion
with changing from outward to inward motion using a 2 (attend-
stationary vs. attend-moving)  2 (change to looming vs. change
to receding) ANOVA. Post-hoc comparisons were by two-way Tu-
key least-signiﬁcant difference (LSD). Adjustments for violations
of the assumption of sphericity were unnecessary.Fig. 1. (A) Motion-reversal ERP waveforms from Experiment 1 for the attend-stationary
the N200 peak (220 ms) for attended and unattended motion.2.2. Results
Reversals of dot motion evoked robust ERPs (Fig. 1A) with
prominent N200 peaks maximal at midline posterior scalp sites.
This peak was signiﬁcantly larger in the attend-stationary relative
to the attend-moving condition [t5 = 2.39; p = 0.03] at POZ. A later
negative deﬂection (Late ND) of the attend-stationary waveform
was evident between 360 and 460 ms at central midline elec-
trodes, however this difference was only marginally signiﬁcant
[t5 = 1.96; p = 0.11] by a two-tailed paired-samples t-test at CPZ.
Isopotential maps (Fig. 1B) of the N200 peak in both conditions
indicated either a midline posterior focus or bilaterally symmetric
foci consistent with dorsal extrastriate generators.
The N200 effect depended on the direction of motion
[F1,5 = 7.924; p = 0.037]. Comparing attend-moving with attend-
stationary N200 peaks in the two different motion conditions re-
vealed that the N200 effect was prominent when the moving dots
changed from inward to outward [LSD: p = 0.024] but was weak
when the dots made the opposite change [LSD: p = 0.312].
2.3. Discussion
Most prior research comparing attended with unattended stim-
uli has reported that attended stimuli tend to evoke larger early
ERP components. For example, the study by Torriente et al. men-
tioned above (Torriente et al., 1999) compared the ERP evoked by
the onset of motion of a ﬁeld of bars interspersed with stationary
bars under two task conditions: one in which the coherence of the
moving bars was judged (attend-motion) and one in which a color
change among the stationary barswas detected (attend-stationary).
They foundapronouncedenhancementof anegative-goingoccipital
peak at 170 ms during the attend-motion task relative to the attend-
stationary task. Given that our previous study had found precisely
the opposite effectwith respect to an analogous negative-going pos-
terior peak, we felt it worthwhile to exactly replicate the phenome-
non while paying careful attention to methodological detail.
Experiment 1 demonstrated that this N200 peak is robust and
consistent across participants. Furthermore, this peak is indeed
modulated by the viewer’s attentional set as we previously re-
ported: the enhancement occurred when attention was directed to
the stationary dots. The discrepancy between our results and those
reportedbyTorriente et al. seems to reﬂect a fundamental difference
in the interaction between attentional selection and low-level mo-
tion processing under the stimulus conditions used in the two
experiments. Torriente et al. employed planar motion whereas our
study used radial optic ﬂow. Furthermore, the Torriente study con-
sideredmotion onset whereas our study investigatedmotion rever-
sals. The onset of image elements in a plane perpendicular to theand attend-motion reversals at selected scalp sites. (B) isopotential voltage maps of
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theﬁeldbegins tomoveeither vertically or horizontallywith respect
to the viewer. However, the reversal of optic ﬂow typically only oc-
curswhen the viewer’s ownmotion changeswith respect to the sur-
roundings. Thus, although the parameters of the motion employed
by the two studies are similar, the mechanisms engaged in the two
situations might be quite different.
In addition to the N200 peak enhancement, we found a later
negative deﬂection of the ERP waveform evoked by unattended
reversals. This later component, which we’ve referred to as a Late
ND, is suggestive of the fronto-central negative deﬂections associ-
ated with attended auditory or visual stimuli found at similar
latencies. It suggests that unattended motion reversals capture
attention to the sheet of moving dots.
The interaction between attention and the type of reversal was
unexpected. It is striking that, since the N200 effect was observed
to peak at about 220 ms after each reversal, the evaluation of mo-
tion type must occur within the ﬁrst few tens of milliseconds fol-
lowing each reversal. In other words, only a very brief exposure
to the ‘‘new” direction seems to be sufﬁcient. One explanation
may be that exposure to receding optic ﬂow preconﬁgures the vi-
sual system to be more responsive to looming optic ﬂow. Alterna-
tively, it should be noted that dots in our displays did not ‘‘wrap”.
Dots neither vanished into nor emerged from the ﬁxation point or
the periphery. Thus the dot density varied cyclically over time,
with changes from receding-to-looming having a relatively higher
dot density near the ﬁxation point, and the opposite reversal hav-
ing a somewhat lower dot density. This fact alone does not explain
the attention effect because the dots varied in density regardless of
the focus of attention, but it may explain the interaction between
looming and receding stimuli. Alternatively, the reduced ampli-
tude of the N200 on attended reversals may reﬂect an interaction
between the scope of an attentional spotlight and the size of the
optic-ﬂow ﬁeld. This is considered further in the discussion of
the following experiment.
3. Experiment 2
One interpretation of the N200 peak enhancement is that it re-
ﬂects automatic segregation and binding of the reversing dots into
a perceptual surface. If true, a manipulation of the display that
interferes with this global percept should reduce or eliminate the
N200 enhancement. We tested this hypothesis by changing the
dot coherence to 0% such that the moving dots no longer produced
a compelling percept of a transparent sheet.
3.1. Methods
Methods and display parameters were exactly as in Experiment
1 except that each moving dot moved back and forth along a ran-
domly oriented linear trajectory, rather than along a radial trajec-
tory. Twenty-nine undergraduates participated in the experiment
for course credit. Eye movements were common such that only
15 participants reached our criteria for acceptance (10 female, all
right-handed with normal or corrected vision, mean age was
24.4 years). Procedures were in accordance with the Declaration
of Helsinki and were approved by the University of Lethbridge Hu-
man Subjects Review Committee; all participants gave written in-
formed consent.
The mean amplitudes within the N200 (208–228 at POZ) and
Late ND (360–460 at CPZ) windows recorded in Experiments 1
and 2 were entered into ANOVAs with two (attend-moving vs. at-
tend-stationary) within-subjects levels and two (coherent vs. non-
coherent) between subjects levels. Corrections for assumptions of
sphericity were unnecessary. Tukey least-signiﬁcant difference
(LSD) tests were used for post-hoc pairwise comparisons.3.2. Results
Motion reversals in Experiment 2 evoked attenuated ERPs rela-
tive to Experiment 1 (Fig. 2A). Comparing the N200 peak across
Experiments 1 and 2 revealed a signiﬁcant interaction (Fig. 2B, left
panel) between the type of motion (coherent vs. non-coherent) and
the attempted focus of attention (moving vs. stationary) [F1,19 =
10.975; p = 0.004]. The N200 effect was present in Experiment 1
[LSD: p = 0.002] but absent in Experiment 2 [LSD: p = 0.702]. Com-
paring the Late ND across Experiments 1 and 2 revealed a signiﬁ-
cant interaction (Fig. 2B, right panel) between the type of motion
(coherent vs. non-coherent) and the attempted focus of attention
(moving vs. stationary) [F1,19 = 9.255; p = 0.007]. The Late ND effect
in Experiment 1 was signiﬁcant in this post-hoc comparison [LSD:
p = 0.022] and appears to be reversed in Experiment 2, however the
negative deﬂection of the attend-moving waveform in Experiment
2 was only marginally signiﬁcant [LSD: p = 0.094].
3.3. Discussion
Experiment 2 showed that the N200 peak is sensitive to manip-
ulations of coherence within the sheet of moving dots. Disrupting
the coherence by using random rather than radially oriented mo-
tion eliminated the N200 effect. Regardless of which dots were at-
tended, the N200 peak was morphologically similar to that
obtained in the attend-moving condition of Experiment 1. This
supports the hypothesis that the salient change of a property of
an unattended surface gives rise to the N200 enhancement. The
surface must be one that readily segregates into a perceptual ob-
ject. In this case that segregation is attributed to the coherence
of optic ﬂow, however reversals of other types of coherent motion
may trigger a similar process. The data in Experiment 1 were con-
sistent with the alternative idea that the N200 is reduced when the
spotlight of attention is contracted into the center by attended op-
tic ﬂow. The data of Experiment 2 are not consistent with this.
Nothing about the display leads viewers to contract their atten-
tional spotlight towards the center, yet the attend-moving N200
in both experiments are of nearly identical amplitude and mor-
phology. Taken together, these two experiments suggest that the
attention effect should be seen as a potentiated N200 peak when
unattended coherent motion undergoes a change in direction.
The various kinds and degrees of motion coherence that might sup-
port this effect remain to be explored.
4. Experiment 3
In our previous paper we suggested, based on dipolar source
analysis, that the current generators underlying the N200 enhance-
ment most likely included area MT/MST. In this experiment we
sought to bring another piece of evidence to bear on this theory as
well as to further characterize this ERP component. Visual areas in
the dorsal stream, particularly MT/MST, are known to be minimally
responsive to contours deﬁned by color contrast (Livingstone & Hu-
bel, 1988).We repeated Experiment 1with both luminance-deﬁned
and physically isoluminant stimuli. We reasoned that the N200
would be attenuated or eliminated when elicited by stimuli to
which MT/MST is relatively unresponsive. However, if the N200 re-
ﬂects processes arising elsewhere in the cortex, such as in the ven-
tral visual pathway, it should be unaffected by this manipulation.
4.1. Methods
Method and display parameters were as in Experiments 1 and 2
except that in separate blocks participants viewed red and green
dots on a blue background (all 10.3 candelas/m2) or dark and light
dots on an intermediate gray background. The average luminance
Fig. 2. (A) Motion-reversal ERP waveforms from Experiment 2 for attend-stationary and attend-motion reversals at selected scalp sites. (B) Comparison of N200 (left panel)
and Late ND (right panel) mean amplitudes for coherent (Experiment 1) and random (Experiment 2) dot motion. Signiﬁcant p values from LSD post-hoc comparison are
indicated.
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the colored dots. In isoluminant blocks, attention was directed to
either the red or green dots while in the luminance-deﬁned blocks,
attention was directed to either light or dark dots. Data were col-
lapsed across the attended color within each luminance condition
as in Experiments 1 and 2.
Thirty-three undergraduates at the University of Lethbridge
participated for course credit. Twelve participants (seven female,
one left-handed, mean age of 20.9 years, normal or corrected vi-
sion) reached our criteria for inclusion. Procedures were in accor-
dance with the Declaration of Helsinki and were approved by the
University of Lethbridge Human Subjects Review Committee; all
participants gave written informed consent.
Mean amplitudes of the N200 and Late ND were compared with
2 (isoluminant vs. light/dark)  2 (attend-moving vs. attend-sta-
tionary) within-subjects ANOVAs. Corrections for assumptions of
sphericity were unnecessary. Two-way Tukey least-signiﬁcant dif-
ference (LSD) tests were used for post-hoc pairwise comparisons.4.2. Results
As in Experiment 1, luminance-deﬁned motion reversals evoked
N200 and Late ND effects (Fig. 3A), however the N200, which
peaked between 224 and 244 ms, was slightly delayed in latency
relative to Experiment 1.
Comparing the N200 peak across luminance conditions revealed
a signiﬁcant interaction (Fig. 3B, left panel) between luminance
(isoluminant vs. light/dark) and the attempted focus of attention
(moving vs. stationary) [F1,11 = 9.451; p = 0.011]. The N200 effect
was present in both the light/dark condition [LSD: p = 0.002] and
in the isoluminant condition [LSD: p = 0.044]. Comparing the
N200 peaks in the attend-stationary conditions revealed a smaller
N200 in the isoluminant condition [LSD: p = 0.003] relative to the
light/dark condition, however this difference was not signiﬁcant
in the attend-moving condition [LSD: p = 0.925].Comparing the Late ND across luminance conditions revealed a
signiﬁcant interaction (Fig. 3B, right panel) between luminance
(isoluminant vs. light/dark) and the attempted focus of attention
(moving vs. stationary) [F1,11 = 9.843; p = 0.009]. The Late ND was
signiﬁcant only in the light/dark condition [LSD: p = 0.008]. No
other pairwise comparisons were signiﬁcant.
4.3. Discussion
Experiment 3 showed that the neural processes underlying the
N200 peak are relatively unresponsive to color-deﬁned stimuli.
This suggests generators in the dorsal pathway and is consistent
with our previous work indicating bilaterally symmetric dipoles
within or near area MT/MST. As in Experiment 2, this manipulation
had the tendency of switching the direction of the Late ND, how-
ever this difference was not signiﬁcant.
The N200 effect was attenuated but not abolished in the isolu-
minant condition. Our stimuli were set to be physically isolumi-
nant as measured by a photometer, however the human visual
system does not function as a simple photometer. The discrepancy
has given rise to several different approaches to deﬁning isolumi-
nance in the visual system – usually involving some form of per-
ceptual matching or nulling. We speculate that the N200 evoked
under conditions of subjective isoluminance may be further atten-
uated. Indeed, with a better understanding of the factors inﬂuenc-
ing the motion-related N200, it may be possible to use this ERP
component as an index of functional isoluminance.
5. Experiment 4
A limitation of our previous experiments was that we included
no behavioral task with which to measure the deployment of
attention. In Experiment 4 we sought to replicate the N200 effect
while also monitoring participants’ attentional set. Two secondary
goals of this experiment were to explore the difference between
Fig. 3. (A) Motion-reversal ERP waveforms from Experiment 3 for attend-stationary and attend-motion at POZ. (B) Comparison of N200 and Late ND mean amplitudes for
isoluminant and black-and-white displays. (C) Comparison of the N200 voltage distribution over posterior scalp sites. In both color conditions a difference in cortical
generators is suggested to underlie the N200 attention effect.
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bring some evidence from source-imaging to bear on the hypothe-
sis that the N200 affect arises in the dorsal visual pathway. The
choice of perceptual task to assess attentional focus was not
straightforward as it could not rely on the presentation of a lumi-
nance transient that might otherwise interfere with motion per-
ception. It needed also to be independent of motion reversals to
which our ERP waveforms were time-locked. We thus used a sim-
ple detection task in which the participant monitored for physi-
cally isoluminant changes in dot color. Either the moving or the
stationary dots could change color, however the participant’s
instruction to attend to one or the other set of dots acted as an
informative cue (75% valid) as to which set of dots would have
the color change. Thus if moving dots were indicated for atten-
tional selection, these were more likely to change color than the
stationary dots, and vice versa.
5.1. Methods
Fifteen University of Lethbridge undergraduates participated
for course credit (seven female, two left-handed, mean age of
23.8 years, normal or corrected vision). One of these was excluded
from further analysis due to a preponderance of excessively long
response times (greater than 1000 ms), and two were excluded
due to excessive artifact rejection (leaving fewer than 200 rever-
sals per condition). Procedures were as in the previous experi-
ments with some modiﬁcations. Text appeared on the screenprior to the onset of motion indicating which set of dots (moving
or stationary) were to be attended. Participants then initiated a
‘‘trial” by pressing the space bar on a keyboard. Seventy-two sta-
tionary isoluminant dots appeared at random locations on a black
background. Dots were rendered into a three-dimensional volume
using OpenGL to achieve more realistic motion stimuli. A perspec-
tive projection (65 vertical ﬁeld of view) was used to transform
the three-dimensional dot coordinates to two-dimensional screen
coordinates, giving rise to the illusion of depth. After 1500 ms,
50% of the dots began phase-coherent motion away from the view-
er yielding a percept of radial optic ﬂow toward the ﬁxation cross.
Due to the perspective projection, dots closer to the edges of the
screen appeared to move further and faster than dots closer to
the center of the screen. Thus the stimulus appeared as if the par-
ticipant was moving through a ﬁeld of dots. Dot motion began with
the dots receding, and reversed direction every 1000 ms over the
course of the 11 s trial, resulting in 10 reversals per trial. There
were 100 such trials in which moving dots were cued and 100 tri-
als in which stationary dots were cued yielding 1000 reversals in
each attention condition.
On 80% of trials a physically isoluminant color change of either
the moving or stationary dots occurred. Red, green, and blue hues
(as in Experiment 3) were cycled for each color change event. There
was no restriction preventing stationary and moving dots from
being the same hue, however all the dots of each motion type
(moving or stationary) changed color simultaneously. Thus, mov-
ing dots were always the same color as each other and stationary
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change trials, the set of dots that changed color was the set that the
participant had been instructed to attend (i.e. the instruction ‘‘val-
idly cued” the color change event). On the remaining 25% of color
change events, it was the unattended set of dots that changed color
(i.e. the instruction was ‘‘invalid”). Regardless of the validity how-
ever, the same number of reversals took place during a trial. Valid-
ity here represents the probability that the attended set of dots
would change color, but not the number of reversals that comprise
the ERP. Participants pressed the left mouse button as soon as they
perceived a color change event on either the stationary or moving
dots, regardless of the cue. Response times were compared with a 2
(attend-moving vs. attend-stationary)  2 (validly cued vs. inval-
idly cued) ANOVA. Pairwise post-hoc comparisons were by one-
tailed Tukey LSD. Corrections for violations of the assumption of
sphericity were unnecessary.
The EEG and associated motion-reversal ERP were recorded and
analyzed as in Experiment 1 except that impedences were main-
tained below 100 kX, a .5 Hz low-cutoff ﬁlter was used and the
slope of the 30 Hz high-cutoff ﬁlter was increased to 48 db/octave.
As above, the N200 effect was measured as the mean amplitude
within a 20 ms window spanning the N200 peak in the grand aver-
aged waveform, however this peak appeared later (at 260 ms) and
was most prominent slightly anterior (at Pz rather than POZ) rela-
tive to the results of Experiment 1. The selected latency windows
and electrode site were adjusted accordingly. The N200 effect
was analyzed with a 2 (attend-moving vs. attend-stationary)  2
(reverse to looming vs. reverse to receding) ANOVA. Adjustments
due to violations of sphericity were unnecessary. Pairwise post-
hoc comparisons were by one-tailed Tukey LSD.
We further explored the relationship between the direction of
motion (looming vs. receding) and the magnitude of the evoked
ERP components. A latency window between 300 and 400 ms
was identiﬁed as exhibiting critical dependence on direction of
motion rather than attentional set. This windowwas analyzed with
an 2  2 ANOVA with the same factors as above.
Finally, we aimed to bring more information to bear on the
likely cortical location(s) of the generators that give rise to the
N200 effect. In particular we sought to extend the dipole analysis
reported in our previous study (Tata et al., 2007), which suggested
bilateral generators in dorsal extrastriate cortex, possibly including
area MT/MST. To this end we employed a distributed source-imag-
ing algorithm known as standardized Low-Resolution Brain Elec-
tromagnetic Tomography (sLORETA) (Pascual-Marqui, 2002;
Wagner, Fuchs, & Kastner, 2004) as implemented by BESA. This
algorithm attempts to reconstruct the most likely distribution of
current generators subject to the constraint that the solution exhi-
bit maximal spatial smoothness of signal amplitudes. To prevent
over-emphasis of superﬁcial sources we applied depth weighting
– i.e. swLORETA (Palmero-Soler, Dolan, Hadamschek, & Tass,
2007) and we used an SVD-cutoff regularization parameter of
0.1%. We considered the distributions of the N200 peak (at
260 ms) in four conditions: looming/attend-moving, looming/at-
tend-stationary, receding/attend-moving, and receding/attend-
stationary.
It is of particular interest to identify differences in cortical acti-
vation associated with attention, rather than merely to identify
the sources of the N200 component. Since we employed a distrib-
uted-source approach to source analysis (swLORETA) we chose to
apply a statistical parametric mapping approach to the resulting
volumetric data. We applied the swLORETA analysis to individual
participant’s data (each at the N200 peak identiﬁed in the grand
average at 260 ms) in each of the four conditions described
above: looming/attend-stationary, looming/attend-moving, reced-
ing/attend-stationary, receding/attend-moving. The resulting vol-
ume maps (four for each participant) were imported into theBrainVoyager QX software (Brain Innovation B.V., Maastricht,
The Netherlands) for statistical analysis. We ﬁrst created two dif-
ference maps for each participant, one for the looming condition
and one for the receding condition, by subtracting the voxel inten-
sities for attend-moving from attend-stationary maps. Since we
aimed to test the speciﬁc hypothesis that dorsal pathway struc-
tures exhibited an increase in electrical activity subsequent to
unattended relative to attended motion reversals, we applied a
one-tailed t-test across subjects to compare each voxel in these
difference maps to zero. Positive t-scores indicated voxels in
which the swLORETA analysis suggested greater electrical activity
in attend-stationary relative to attend-moving conditions. The
resulting three-dimensional parametric maps – one for the loom-
ing condition and one for the stationary condition – were then
threshold masked for positive t-scores such that p < 0.05, uncor-
rected for multiple comparisons (t12 > 1.78), and overlaid onto
the MNI template brain. This general statistical volumetric ap-
proach has been used previously to investigate the electrical activ-
ity of frontal cortex (Christie & Tata, 2009).
5.2. Results
Performance data (response times) are presented in Fig. 4A.
We observed signiﬁcant main effects of validity [F1,12 = 10.97;
p = 0.006] and attended motion (moving or stationary) [F1,12 = 7.9;
p = 0.016], and an interaction between these factors [F1,12 = 12.3;
p = .004]. There was a signiﬁcant improvement in performance for
validly relative to invalidly cued color changes when attention was
directed to the stationary dots (attend-stationary/valid = 562 ms;
attend-stationary/invalid = 605 ms) [LSD: p < .001]. The perfor-
mance enhancement was small and only approached signiﬁcance
whenattentionwasdirected to themovingdots (attend-moving/va-
lid = 563 ms; attend-moving/invalid = 575 ms) [LSD: p = 0.146].
Motion-reversal ERP waveforms appear in Fig. 4B at selected
scalp sites. As in our previous studies we found a larger N200 peak
when attention was deployed to the stationary dots, reﬂected in a
signiﬁcant main effect of attention on N200 mean amplitude
[F1,12 = 9.49; p = 0.01]. Neither the main effect of motion direction
nor the interaction between these factors was signiﬁcant. Post-
hoc tests revealed signiﬁcant differences between attended and
unattended N200 peaks for both looming and receding conditions
[LSD: p = 0.025 and LSD: p = 0.012, respectively].
The morphology of the waveforms exhibits an interesting
dependence on the direction of motion to which the dots reversed.
Whereas attentional selection modulated the magnitude of the
N200 peak, the direction of motion substantially inﬂuenced the
waveform between 300 and 400 ms latency. During this window,
we found a signiﬁcant main effect of motion direction
[F1,12 = 7.934; p = 0.016]. Neither the main effect of attention nor
the interaction between these two factors was signiﬁcant. Post-
hoc tests revealed a signiﬁcant difference between motion direc-
tions for both attend-moving and attend-stationary conditions
[LSD: p = 0.071 and p = 0.005, respectively].
Scalp distribution (Fig. 4C) and source-imaging using the swLO-
RETA approach (Fig. 4D) suggested common regions of signal gen-
erator(s) in both attend-stationary conditions (looming and
receding) with somewhat more distributed generators in the at-
tend-moving conditions. This modulation was maximal in dorsal
extrastriate cortex with a centroid at approximate talairach coordi-
nates (+10.5, 67.6, +43.5) in the looming/attend-stationary
condition.
Statistical analysis of the swLORETA images appears in Fig. 4E.
For the receding-to-looming condition there were two prominent
foci of voxels for which the swLORETA analysis suggested that
activity in the attend-stationary condition exceeded that of the at-
tend-moving condition. One of these included a region of dorsal
Fig. 4. (A) Performance data (response times) for detection of color change in Experiment 4. (B) Motion-reversal ERP waveforms from Experiment 4 when dots switched from
receding-to-looming and from looming-to-receding optic ﬂow. The N200 peak exhibits a dependence on attentional set, which switches to a dependence on direction to
which the dots reverse during the 300–400 ms window. Isopotential voltage maps (C) and source-imaging by swLORETA (D) suggest that a conﬁguration of bilateral dorsal
extrastriate generators underlie the N200 component. (E) Voxel-wise statistical comparison of attend-stationary minus attend-moving. Positive t-scores indicate regions
where the swLORETA analysis suggested attention focused on stationary dots increased ERP signal strength.
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approximately at talairach coordinates x = 32, y = 46, z = 32.
The second of these was located more anterior and ventral cen-
tered approximately at talairach coordinates x = 34, y = 20,
z = 1. In the looming-to-receding condition, only a small region of
voxels exceeded threshold. This focus was centered approximately
at talairach coordinates 23, 35, 0.
5.3. Discussion
The ERP data of Experiment 4 replicated our previous ﬁndings
with respect to the effect of attention on the N200. The N200 elic-
ited by motion reversals was larger when the stationary dots were
cued. The performance improvement on validly relative to inval-
idly cued color changes indicated that participants were indeed
deploying attention as instructed.
The ERP waveform morphology in the results of Experiment 4
differed somewhat from previous studies, mainly in longer latencyand reduced amplitude of the N200 peak, but also slightly in effect
size and variability across participants. This may have been due to
the nature of the dot motion since dots in Experiment 4 moved
along a perspective projection of optic ﬂow rather than simple ra-
dial motion as in the previous experiments. It may also be related
to the fact that participants in Experiments 1–3 were instructed to
attend to a color feature that was common and unchanging while
the dots were moving. In Experiment 4 participants were in-
structed to select dots on the basis of motion and monitor for a
change in color. Alternatively, this may reﬂect the small difference
in the number of moving dots presented (40 in Experiments 1–3 vs.
36 in Experiment 4). If so, this would suggest a high degree of sen-
sitivity to relatively small changes in display parameters. These
parameters might yield subtle interactions with respect to N200
magnitude that suggest interesting avenues for future studies.
We had previously speculated that optic ﬂow reversal might act
as a reﬂexive attentional cue. If so, one might expect that an invalid
instruction to attend to stationary dots would have little effect,
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by a stimulus transient (the reversals). Likewise one might expect
that an invalid instruction to attend to moving dots would be
particularly disruptive to performance, because attention would
be ﬁrmly locked to the moving dots. Our behavioral data do not
ﬁt this pattern. We found that the validity effect of the cue was
substantially greater when attention was directed to stationary
dots – the greatest performance decrement was for an invalidly
cued color change on the moving dots. This may be because atten-
tional selection of the stationary dots required the participant to
actively ignore transient events (i.e. motion reversals) among the
moving dots and that this attentional set interferes with detection
of a color change. Put another way, a feature change among static
dots may be more salient than a feature change among highly dy-
namic (in this case frequently reversing) dots – even when the fea-
ture change is on a relatively static dimension (in this case
isoluminant color). Thus, although our behavioral data strongly
suggest that the attentional set indicated by the cue was indeed
adopted by the participant, it remains unclear whether attentional
focus is captured by the sheet of moving dots. An alternative pos-
sibility is that unattended motion reversals provide a bottom-up
signal, reﬂected in the N200 enhancement, that is subsequently
overridden by top-down control.
Experiment 4 also replicated the results of Experiment 1 in that
the ERP generated by reversals of optic-ﬂow direction depended
substantially on the direction of motion. However, it is clear that
this modulation is manifested mainly in the 300–400 ms latency
range. Further experimentation would be required to determine
if it is the prior direction or the new direction that underlies this
dependence. Further exploration of the interaction between direc-
tion of motion and attention, both of which exert inﬂuence on the
magnitude of the ERP, is also warranted. Our ﬁnding that looming
and receding stimuli have different electrophysiological signatures
as recorded at the scalp is consistent with the observation that
these two motion types elicit different effects on attention: loom-
ing stimuli are able to capture attention during visual search
whereas receding stimuli are not (Franconeri & Simons, 2003). This
attentional bias may have a biological basis: In the macaque dorsal
MST, neurons exhibit tuning biases for inward vs. outward radial
motion as well as differences in their tendency to produce phasic
or tonic responses (Duffy & Wurtz, 1991). Taken together these
data suggest a special role for looming optic-ﬂow stimulation.
The hypothesis that the N200 affect arises in the dorsal pathway
is strengthened by the results of the source analysis in Experiment
4. This analysis suggests that the N200 peak reﬂects generators in
dorsal extrastriate cortex. Furthermore, the statistical comparison
of attend-moving and attend-stationary swLORETA maps sug-
gested that at least two distinct regions exhibit modulation due
to attention in the looming condition, but that the effect of atten-
tion may be different for receding-to-looming and looming-to-
receding reversals. Notably, one of these regions was in the dorsal
stream involving either dorsal BA 19 or the IPL. This statistical ap-
proach to distributed-source images is probably conservative since
it seeks voxels that display a consistent pattern of activity across
participants in the face of considerable between-subject variability
in the swLORETA images. Thus we expect that some modulation of
the EEG signal due to attention went undetected by our analysis
(i.e. type II error). For example the apparent absence of attentional
modulation in right dorsal extrastriate cortex may reﬂect inter-
subject variability rather than a true hemispheric asymmetry. By
contrast, our threshold mask was set for an alpha level of 5% under
a one-tailed test and without any correction for multiple compar-
isons. This is appropriate given our a priori hypothesis of signal
enhancement in the dorsal visual pathway on attend-stationary
trials. The dorsal extrastriate region of modulation indicated in
Fig. 4E can thus be interpreted with conﬁdence. However, wehad no a priori expectation of modulation in other structures so
the anterior modulations also displayed in Fig. 4E should be inter-
preted with caution. Distributed source-imaging algorithms such
as the one employed here lack the precision and accuracy to draw
conclusions about the precise structures involved. Investigation
with more spatially accurate techniques is required to fully con-
ﬁrm the hypothesis that the N200 attention affect is mediated by
dorsal extrastriate structures.6. General discussion
In four experiments we have replicated and further described a
puzzling interaction between coherent optic ﬂow and top-down
attentional selection. Whereas most studies of attentional selec-
tion have found ERP components to be enhanced when the evoking
stimuli are attended rather than unattended, we found the oppo-
site with respect to the motion-related N200 peak evoked by rever-
sals of optic ﬂow. Experiment 1 replicated this result and also
demonstrated a later negative deﬂection of the ERP waveform
when attention is directed away from the evoking stimulus. Exper-
iment 2 showed that both the N200 and Late ND effects depend
critically on the type of motion within the sheet of dots. Experi-
ment 3 showed that the N200 effect reﬂects mechanisms tuned
to luminance contrast rather than color contrast. Experiment 4
showed that the N200 effect occurs when the participants were gi-
ven a perceptual task to control their attentional set, and that the
waveform of the motion-reversal ERP depends substantially on the
dot direction (looming or receding). These results are consistent
with the theory that the motion-related N200 reﬂects a pre-atten-
tive mechanism in the dorsal pathway that signals a need to up-
date a salient but unattended perceptual surface.6.1. Is optic ﬂow special?
The motion-related N200 effect stands in apparent contradic-
tion to the results of previous experiments comparing attended
with unattended motion. For example, using transparent motion
stimuli in which two sheets of interleaved dots rotate in opposite
directions, other studies (Khoe et al., 2005; Rodriguez & Valdes-
Sosa, 2006; Valdes-Sosa et al., 1998) have reported larger early
ERP components when the attended or pre-cued surface under-
went a coherent translation. Likewise, Torriente et al. (1999) found
an enhanced N170 evoked by the onset of attended relative to
unattended motion (see Section 2.3 of Experiment 1). Similarly,
attentional selection of moving stimuli tends to increase the ﬁring
rates of cells in monkey areas MT and MST that are tuned to the
direction of motion (Treue & Katzner, 2007; Treue & Maunsell,
1999; Wannig et al., 2007). Finally, evidence from functional imag-
ing has indicated that attending to moving relative to stationary
dots increases the hemodynamic response of area MT (O’Craven,
Rosen, Kwong, Treisman, & Savoy, 1997).
One resolution to this discrepancy is to postulate that the optic-
ﬂow ﬁeld used in the present study and by Tata et al. (2007) evokes
a unique response in the dorsal visual pathway, and that this re-
sponse interacts with the immediate attentional focus of the obser-
ver in a manner unlike some other kinds of coherent motion. Four
pieces of evidence are well-aligned with this hypothesis: First,
neurons tuned selectively to optic-ﬂow ﬁelds do exist (Frost
et al., 1990; Saito, 1993). Second, in Experiment 2 we showed that
non-radial motion fails to elicit the N200 enhancement effect.
Whether other kinds of coherent motion do elicit an N200
enhancement under similar attentional conditions (i.e. interleaved
stationary and moving sheets) awaits further investigation. Third,
Experiment 1 and Experiment 4 showed the ERPs evoked by
looming and receding (representative of forward and backward
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that distinct neural mechanisms exist for handling these different
kinds of motion and thus at least one of these neural mechanisms
is also distinct from the mechanisms handling other types of
coherent motion. Finally, a recent investigation of attentional cap-
ture by dynamic stimuli found that looming stimuli, but not reced-
ing stimuli, captured attention in a visual search task (Franconeri &
Simons, 2003). Taken together, there is reason to suppose that op-
tic ﬂow represents a special case of visual input that is handled
preferentially by attentional selection mechanisms. However, the
present study does not exhaustively rule out that abrupt changes
in other types of complex coherent motion, for example biological
motion, might produce a similar N200 effect when they occur on
unattended objects.
Our data on the N200 strongly suggest that this ERP component
arises in dorsal extrastriate visual cortex, possibly including
MT/MST and/or the inferior parietal lobe. Dipole analysis (Tata
et al., 2007), distributed source analysis (Experiment 4), and evi-
dence from functional dissociation of luminance-deﬁned and col-
or-deﬁned motion sensitivity (Experiment 3) converge on this
conclusion. However, our techniques lack the ﬁne-grained resolu-
tion to conﬁrm the involvement of any one distinct region in the
dorsal pathway. Further investigation by fMRI or intracranial
recording will be necessary to accomplish this goal.6.2. What operation is reﬂected by the N200 enhancement?
One explanation for the present ﬁndings is that a looming ﬁeld
of dots triggers a specialized and reﬂexive mechanism in the dorsal
visual pathway when the source of the bottom-up optic ﬂow signal
is not the current focus of attention. This notion entails a certain
ecological validity as the sudden onset of optic ﬂow normally indi-
cates movement toward potential obstacles. Objects deﬁned by
such motion should be updated quickly by the dorsal visual path-
way to avoid collision. This bottom-up signal may bypass a top-
down attentional set via an independent motion ﬁlter (McLeod &
Driver, 2002; McLeod et al., 1991; Torriente et al., 1999). Thus, it
is an example of the intrusion of a bottom-up stimulus that is
inconsistent with a top-down attentional set. As such, it may
provide a useful window into the neural mechanisms that strike
the balance between voluntary and reﬂexive attention orienting
and the interplay between separately conﬁgurable attentional
ﬁlters.Acknowledgment
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